We demonstrate an all-fiber turnkey source of extremely stable 2-cycle pulses at a center wavelength of 1.17 μm. Taylor-cut highly nonlinear germano-silica bulk fibers (HNFs) provide smooth supercontinua with a bandwidth of 560 nm and a spectral shape precisely controlled by the dispersion of the fiber and the phase of the 1.55 μm pump pulses. Alternatively these fibers are capable of generating pulses with central wavelengths continuously tunable from 0.9 μm up to 1.4 μm. These results are based on parameter-free simulations of nonlinear pulse propagation including higher-order dispersion as well as instantaneous Kerr and retarded Raman contributions. Russell, and G. Korn, "Experimental evidence for supercontinuum generation by fission of higher-order solitons in photonic fibers," Phys. Rev. Lett. 88, 173901 (2002).
Introduction
Since the invention of the first mode locked laser there has been an ongoing demand for femtosecond pulses of ever shorter duration [1] . Increased bandwidth, tunability and temporal resolution have facilitated a wide range of applications such as pump-probe spectroscopy, fieldresolved sampling of high frequency terahertz pulses [2] , frequency metrology, optical coherence tomography and extreme nonlinear optics culminating in new avenues in attophysics [3] .
Today sophisticated schemes of intra-cavity dispersion control facilitate the extraction of 2-cycle pulses directly from Ti:sapphire oscillators [4, 5] . Spectral broadening in microstructured fibers, tapers and gases with subsequent adaptive recompression is another means for generating broadband spectra in the Ti:sapphire spectral range [6, 7] .
In the early 1990s the emergence of fiber lasers established a new technology with the potential to circumvent the noise issues and to extend the wavelength range into the infrared [8] . Yet Er:fiber oscillators are limited to the 100-fs-regime due to low gain bandwidths of fibers doped with rare earth ions. Several amplification and compression schemes have been proposed to broaden the spectra and to overcome the limitations [9] [10] [11] [12] , but the performance of Ti:sapphire lasers has still been out of reach.
In this letter we present a versatile laser source of widely tunable ultrashort output pulses entirely based on telecom-compatible fibers [13] . A noteworthy advantage of these waveguides is their superiour noise performance (see chapter 4 and Ref. 14) . The key element of our system is a two-stage assembly of a precompression fiber spliced to a highly nonlinear bulk fiber for supercontinuum generation. The pulse formation within these optical elements includes dispersive propagation and self-phase modulation (SPM) as well as higher order effects such as optical shock front generation and the retarded χ (3) response due to Raman-scattering. Quantitative simulations based on a modified nonlinear Schrödinger equation (NLSE) without free parameters allow us to design fibers for tailor-cut spectral and temporal pulse characteristics. By choosing the adequate dispersion profiles of the nonlinear optics, pulses with tunable central wavelengths between 1.4 μm and 0.9 μm are generated. We also demonstrate supercontinua featuring a spectral FWHM of 560 nm which are recompressed to a duration of 7.8 fs at an energy of 0.7 nJ. To our knowledge, these are the shortest pulses ever generated with fiber laser technology. Fig. 1 depicts a schematic layout of the laser system. We start with a compact polarization mode-locked femtosecond Er:fiber master oscillator (OSC, repetition rate 49 MHz) [8] seeding a low-noise amplifier (EDFA) based on an erbium-doped gain fiber of a length of 1.75 m [13] . Pulses with energies up to 8 nJ are coupled into free space and recompressed to a duration of 70 fs in a silicon prism sequence (SPS). A highly nonlinear bulk fiber (HNF) is directly spliced to a precompression fiber (PF). A standard fiber coupled telecom lens in a rigid housing in combination with the large mode area of the PF render the setup largely immune to beampointing instabilities induced by environmental noise (see below). The prechirp is used to tune the output wavelengths of the system as discussed in Ref. 13 . Finally the pulses are coupled into free space again and recompressed in an SF10 prism sequence (PS).
Theoretical modeling and numerical simulations
Our first goal was to improve the laser for real-world applications such as time-resolved confocal microscopy [15] by extending the tuning range to wavelengths below 1 μm. To this end, a theoretical understanding of the processes within the nonlinear stage is required. Ultrashort pulse propagation in nonlinear fibers has been shown to be well described by a generalized NLSE [16] :
where A(z, τ) is the electric field envelope at the fiber position z and the retarded time τ in a frame moving with the group velocity of the pulse. The first parenthesis accounts for linear pulse propagation, parameterized by damping α and the dispersion coefficients β n . Here, β n denotes the n-th coefficient of the Taylor expansion of the propagation constant β around the center frequency ω 0 . The second parenthesis includes the nonlinearities, quantified through γ = (n 2 ω 0 )/(cA eff ) with the nonlinear refractive index n 2 and the effective mode field area
includes the delta-like behaviour of the quasiinstantaneos Kerr response as well as the retarded Raman response at positive time τ [17] . We employ a symmetric split-step Fourier scheme to numerically solve Eq. 1. For efficient calculation, nonlinearities are treated by a fourth order Runge-Kutta solver in the time domain employing discrete convolutions for fast integration. On a standard desktop computer a typical full simulation run completes within a second, allowing us to explore a broad parameter space while optimizing our nonlinear fiber setup.
In order to correctly describe the propagation of the extreme-bandwidth supercontinuum in the HNF we include linear dispersion up to 6 th order. A white-light interferometer gives experimental access to these parameters using fiber samples as short as 10 cm. Input pulse envelopes are retrieved in amplitude and phase via frequency resolved optical gating [18] . The nonlinearity γ is calculated from the fiber geometry, and the Raman contribution is taken from Ref. 17 . Fig. 2(a) displays a supercontinuum measured after a fiber compressor without additional optimization measures, pumped at a pulse energy of 1.42 nJ (upper part) and the corresponding simulation (lower part). No fit parameters were assumed in the numerical treatment, rendering the excellent agreement an indicator for the predictive power of our model. Both prominent peaks at the spectral edges are reproduced in their structure and relative amplitude. Also the spectral positions of the small oscillations between these maxima and the pump wavelength of 1.55 μm are replicated. An even more compelling test of the model is given in Fig. 2(b) . By varying the pump pulse energy while at the same time recording the output spectra (color coded), the consistency of the calculations is tested over a broad range of input parameters. The HNF used in this experiment is strongly dispersion shifted and exhibits a measured zero dispersion wavelength (ZDW) of λ ZD = 1.54 μm well within the pump spectrum. It is fusion spliced to a precompression fiber (λ ZD = 1.33 μm). Our analysis shows, that this PF essentially supports solitonic compression (SC) at a soliton order of N = 1.9 and a soliton period of L S ≡ L GVD = 330 mm at a pump energy of 1.42 nJ. The compression factor F C ≡ t input /t output = 2.8 corresponds to an output pulse duration of t FWHM = 30 fs while the temporal pulse shape is significantly cleaned up. When entering the HNF, this pulse immediately undergoes spectral broadening due to self phase modulation, generating two spectrally distinct peaks. The basic mechanism is similar to the soliton fission effect, first discussed for photonic crystal fibers [7, 9] : One of these peaks propagates in the anomalous dispersion regime, forming a long wave soliton, while the other one is emitted in the dispersive wavelength range and therefore suffers temporal broadening. Both pulses interact via four-wave-mixing which results in additional spectral repulsion. By analyzing the temporal evolution of these two pulses we find that the spectral broadening is limited by the group velocity mismatch between both pulses leading to a loss of temporal overlap after a propagation length of 30 mm of HNF. At this point the dispersive pulse is trailing the soliton and has a significantly reduced peak power due to dispersive stretching. In order to increase the tuning range we design a dispersion profile allowing both pulses to perfectly overlap in time. By blue-shifting the point of maximum group velocity (i.e. reducing the ZDW), the long-wave part is slowed down allowing the short-wave part to catch up. This leads to an efficient interaction between both components within the first few millimeters of the HNF, leading to a much more rapid spectral separation. Since the pump spectrum is injected in a regime with anomalous dispersion, one may also speak of solitonic compression. First optimizations have resulted in the spectral extension shown in Fig. 3(a) . Fig. 3(b) gives the experimental wavelength positions of the short-wave peaks as a function of the ZDW for various fibers (squares), clearly following the trend predicted by our numerical calculations (solid line). The broadest spectral range was covered using a nonlinear fiber with λ ZD = 1.35 μm. The output is tunable to a central wavelength as short as 856 nm [black curve in Fig. 3(a) ]. We note that frequency doubling of this configuration results in ultrashort pulses tunable over the entire visible range [19] .
Generation of 8-fs Pulses
With the reliability and predictive power demonstrated for our simulation tool, we will now go ahead and design a system generating the shortest pulse durations achieved with a fiber laser to date. We aim for few-cycle pulses with unstructured and stable spectra which are well suited as seed and gating pulses for state-of-the-art experiments. It turns out that a sufficiently short HNF in our two-stage compressor provides the broadest spectral bandwidth of the dispersive peak. This observation corresponds to exploiting high-order SC with low dispersive distortions in the HNF. Fig. 4(a) depicts the pulse power (color coded) as a function of time and propagation length for a 9-cm-long PF pumped with slightly chirped Gaussian pulses (duration: 100 fs, energy: 5.0 nJ). Corresponding spectra for this stage are given in Fig. 4(b) . Our simulations predict compression down to a FWHM pulse duration of 23 fs in the precompressor [ Fig. 4(a) and black line in Fig. 4(c) ]. Effective length scales for GVD (TOD) are represented as dashed (dotted) curves in Fig. 4(c) . They decrease from 1200 mm (31 m) down to 28 mm (104 mm), indicating that TOD does not play an important role in this scheme. The nonlinearity N 2 is multiplied by 1 mm to be shown on the same scale (dash-dotted). It turns out that the soliton order exceeds N = 6. A similar analysis is given for the HNF of a length of 4.5 mm in Fig. 4(d)-(f) . In the time domain [ Fig. 4(d) ] the pulse compresses further and develops oscillatory features at the trailing edge. Windowed Fourier transforms (not shown) indicate that the oscillations are due to influences of TOD on the short-wave peak whereas the solitonic part manifests itself near time zero. Our model predicts a duration of 6.4 fs of the anti-Stokes component without any additional compression. Fig. 4(e) shows the build-up of the corresponding broad and unstructured spectra. Again, the effective length scales indicate which influences dominate the numerical results. In this stage the nonlinearity N 2 is similar to the precompression fiber, explaining the very rapid spectral broadening. At the end of the fiber the effective length scale for TOD gets as short as L TOD = 4.3 mm. Thus propagation is dominated by linear dispersion without further nonlinear compression.
We now compare these predictions with an experimental implementation. The measured dispersion profiles of the PF and HNF are given in Fig. 5(b) . Fig. 5(a) shows the calculated spectrum for these fibers for a realistic pump pulse envelope and phase (black dots). As depicted in Fig. 1 the fiber output is sent through an SF10 prism sequence which compensates for the GVD of optical components after the fiber end facet while keeping higher-order phase errors moderate. The spectrum we record (blue line) is in good agreement with the simulation. It features a width of λ FWHM = 560 nm at a central wavelength of 1.17 μm which translates to a frequency bandwidth of ν FWHM =110 THz. The compressed pulses feature an energy of 0.7 nJ at a repetition rate of 49 MHz. In order to characterize the pulse duration we design a MachZehnder type autocorrelator with metallic beamsplitters and reflective focussing, detecting the two-photon signal from a InGaP photodiode. The autocorrelation is given as a blue line in Fig. 5(c) . A numerical calculation based on the measured spectrum and a fitted 4th order polynomial phase is indicated by the dots. We extract a temporal width of t FWHM = (7.8 ± 1.0) fs from this fit corresponding to only 2 optical cycles. To our knowledge these are the shortest pulses generated in an all-fiber setup up to now. This result may be considered as an upper limit set by the bandwidth of the nonlinear photodetector as indicated by a time-bandwidth product of 0.86. The spectral width even supports pulses with transform-limited durations as short as 5.4 fs. Finally we investigate the noise properties of the entire fiber system. Fig. 6 depicts the rms amplitude noise spectrum of our ultrashort pulses (red line) as detected with an InGaAs photodiode. The low-frequency window ranging from 1 Hz to 100 kHz is covered by an FFT spectrum analyzer (Stanford Research Systems SR780) whereas the components up to the Nyquist frequency of 24.5 MHz are recorded using a radio frequency spectrum analyzer (Advantest R3463). For the entire frequency interval from 3 Hz to 24. of the supercontinuum is its low rms amplitude noise in the typical audio frequency lock-in detection range between 10 Hz and 10 kHz. It amounts to less than 3 × 10 −6 Hz −1/2 except for some harmonics of the line frequency of 50 Hz and sharp acoustic resonances.
Conclusion
In conclusion we have elaborated a realistic modeling of the pulse compression in two-stage bulk fiber setups. The model is initialized with experimental parameters and therefore offers outstanding predictive power without adjustable fit parameters. First applications include the generation of tunable near IR pulses in the spectral range from 856 nm up to 1450 nm and the development of an all fiber source for two-cycle pulses of a duration of 7.8 fs. The entire laser system is extremely compact (less than 0.5 m 2 footprint), offers turn-key operation, and excellent amplitude and timing noise characteristics. It is easily extendable to multiple output ports synchronized to the attosecond level [14] . Since each branch may be equipped with a different HNF, it is possible to have various wavelengths and pulse widths from one laser setup at the same time. We believe this system to be an ideal source for a wide range of applications regardless whether they require few cycle seed pulses, multiple phase synchronized outputs at adjustable wavelengths, or tunability throughout the visible and near infrared spectral regimes.
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